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Although the chemical constitution and the physical properties of chlorophyll 
are  well known,  it is becoming increasingly clear  that its behavior may be 
greatly modified through its attachment in the plant cell to a protein, which 
exists as a bearer.  The notion of a chlorophyll-protein complex is not a  new 
one.  Beginning in 1884, with the suggestion of Reinke (1)  that chlorophyll 
might exist in the form of a chlorophyll-protein complex very similar to hemo- 
globin, many authors (2-16)  have from time to time supported the idea and, 
in some cases, have presented analytical evidence for its occurrence  (10-12, 
14,  16,  17).  Some  of this  evidence was obtained with isolated chloroplasts 
(16,  17).  In  addition,  French  (17a)  has  investigated  the pigment-protein 
complex from bacteria. 
Until recently, methods for  the  isolation of the  pigment-protein complex 
have  been  rather  unsatisfactory.  While  a  number  of  workers  (5,  10-15) 
have indicated that it is possible to extract a protein, only Stoll and Wiedemann 
(12),  Menke (10),  and Smith (14) have been able to purify their preparations 
by  fractionation with  ammonium  sulfate.  In  particular,  Menke  (10)  has 
pointed  out  that  he  was  able  to  separate  the  chlorophyll-protein  complex 
from the cytoplasmic proteins. 
Although  it  seems  probable  from  nitrogen  analyses,  behavior  with  am- 
monium sulfate, and sedimentation studies (18) that the chlorophyll is actually 
attached to  or bound with a  protein  into  some sort  of complex,  it  seemed 
desirable to obtain more information concerning the electrophoretic behavior 
of the complex in as unaltered a state as possible.. It was particularly desirable 
to consider at least two unrelated species of plants.  Such an investigation, 
aside from yielding information concerning the protein nature of the complex, 
should help explain the unusual behavior of the protein at various values of 
pH.  In addition, it should indicate whether the protein complex is the same 
or differs from species to species. 
In 1912, Herlltzka (19) subjected the press juice of leaves to electrophoresis 
* A preliminary note has already appeared  (26). 
This work was supported, in part, by a grant made to one of us (L. S. M.) by 
the Graduate School of the University of Minnesota. 
755 
The Journal of General Physiology756  CHLOROPHYLL-PROTEIN  COMPLEX.  I 
and noticed its migration to the anode.  Later, Bakker (20) found that aqueous 
suspensions of chlorophyll, precipitated from acetone solutions and free from 
protein, were negatively charged but became positive on exposure to light for 
several hours.  Katz and Wassink (21)  reported that green aqueous extracts 
prepared from Chlorel~, were negative at concentrations of HC1 up to 0.001 N, 
ceased movement in 0.002 N HC1, and reversed in direction at slightly higher 
concentrations.  Neish  (17)  observed  that  chloroplasts  isolated  from  Tri- 
folium,  although negative in distilled water, were isoelectric at about pH 3.7. 
Sharer also reported that aqueous chlorophyll suspensions were negative, but 
the  conditions  were  not  clearly  described.  Aside  from  these  brief  reports, 
there has been no thorough investigation of the electrophoretic behavior of the 
chlorophyll-protein complex.  Although much of the evidence in the literature 
was obtained by using isolated  chloroplasts,  the  results  to  be reported here 
were  obtained  with  highly  purified  preparations  of  the  chlorophyll-protein 
complex. 
Methods 
Preparation of the Complex.--Suspensions  of the cMorophyll-protein complex were 
prepared by a modification of the methods of Menke (10) and Stoll and Wiedemann 
(12).  Leaves of both Aspidistra  elatior Blume and Phaseolus vulgaris L. (var. white 
navy) were used.  The leaves were separated from the stems, washed free from excess 
dirt, and ground mechanically in a  porcelain mortar, with ~r/100 phosphate buffer 
at pH  7.3-7.5.  Sand  was  not  used,  lest  the  grinding  disperse some of  the  sand 
particles colloidally  and interfere with the electrophoretic studies.  The deep green 
suspensions  obtained by grinding were faltered through muslin and then centrifuged 
for 30 minutes at top speed in a Swedish angle centrifuge to remove nuclear fragments 
and cellular debris.  For the navy bean, the supernatant was made 1.3 ~ with respect 
to  ammonium sulfate,  which  had  been  previously neutralized  to  pH  7.0.  With 
Aspidistra,  the molarity of the ammonium sulfate necessary to effect precipitation 
was somewhat higher, namely 1.9 5.  This latter concentration agrees with that used 
by Smith (14).  After about an hour, the suspensions  were centrifuged at top speed 
for 30 minutes, whereupon the green material sedimented, leaving a  yellow-brown 
supernatant.  At times, the supernatant appeared slightly green in color after the 
first  precipitation  and  centrifugation,  indicating  that  not  all  of  the  chlorophyll- 
protein had been precipitated and that the concentration of salt used in the precipita- 
tion was minimal.  Thus, even on the first precipitation, a large part of the impurities 
and foreign protein remained in the solution.  While still moist, the green sediment 
was taken up in the phosphate buffer mixture and the operation of precipitation and 
suspension  repeated twice more in the course of several hours.  As Stoll and Wiede- 
mann point out, a double repetition of the precipitating operation exhausts its effec- 
tiveness.  The green material was finally resuspended in some of the original  buffer 
mixture and dialyzed against the same buffer until free from sulfate.  All preparative 
operations were carried out at 0°C.,  and in the absence of metal.  No appreciable 
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When it was essential to have a preparation completely free from salt, the green 
sediment obtained on the final centrifugation was resuspended in distilled  water (dis- 
tilled in glass) and dialyzed until sulfate-free.  This method produced no apparent 
change in the properties of the material. 
At this point it may be well to point out that the concentration of ammonium 
sulfate  necessary  to  effect precipitation  of  the  chlorophyll-protein  complex  was 
markedly influenced  by the time period over which  the salting-out was allowed  to 
take place.  This agrees with the observations of Menke. 
We also attempted to use a Waring blender but found that a large volume of foam 
was produced, with considerable  denaturation, on the disruption of the leaf material. 
Furthermore, the material purified in this way not only precipitated quite rapidly 
during the course of several days, but in contrast with preparations made by other 
means the agglomerates failed to pass through ordinary filter paper. 
El~ctrophoresis.--All measurements of electrophoresis were made in an Abramson 
type  of  microelectrophoresis cell  following  the  techniques  described  in  detail  by 
Moyer (22).  This method was especially suitable because of the particulate char- 
acter of the purified suspensions.  Unless otherwise stated, measurements were made 
in M/50 acetate buffers at an ionic strength of 0.02.  The mobilities,  in #/sec./volt/ 
cm., were corrected to 25°C.  from room temperature by correcting for changes in 
viscosity.  Both quinhydrone and glass electrodes were used to determine pH. 
When the purified material was used,  an aliquot of the concentrated suspension 
(0.25  to 0.50  cc.)  was added to the buffer salt and the suspension  brought to the 
desired volume and pH by the addition of acetic acid and water.  When quartz or 
collodion particles were used,  these were first suspended in the concentrated chloro- 
phyll-protein solution for about 15 minutes to insure complete coating before addition 
of the buffer, as above.  This procedure minimized the amount of clumping that 
resulted when the chlorophyll-protein complex was suspended in buffers on the acid 
side of its isoelectric point. 
EXPERIME,  NTAL 
General Properties of the Complex.--Purified suspensions of the chlorophyll- 
protein complex exhibit several interesting properties.  They are deep green 
in color and exceedingly stable,  remaining apparently unaltered  over a  long 
period of time, either at the pH of the phosphate buffer (pH 7.3-7.5), or, after 
dialysis against distilled water, at about pH 6.0.  In addition, the suspensions 
exhibit the physical characteristics described by other workers  (5,  12-15):  a 
strong maximum absorption band at about 678 m~t, photostabflity, red fluo- 
rescence, and sensitivity to protein coagulants.  On the other hand, either an 
increase in temperature, removal of water by drying, or freezing can denature 
the  material.  Smith  (14)  pointed  out  that  flocculation  of the chloroplast 
material from both Aspidistra and Spinacia takes place below pH 4.5.  We 
have found that our purified extract flocculates almost instantaneously at and 
below the isoelectrie point.  Flocculation or denaturation  on the acid side of 
the isoelectric point is not inhibited  by carrying out  the operations  at 0°C. 758  CHIOROPIIYLL-PROTEIN  COMPLEX.  I 
Acetone or alcohol splits the complex.  If ether is layered above the suspension, 
alcohol or acetone will cause the chlorophyll to pass into the ether phase, as 
the  protein  precipitates.  Gentle  shaking  of  the  material  with  ether  alone 
causes little, if any, of the chlorophyll to pass into the ether layer.  Vigorous 
shaking, which splits the pigment-protein complex, results in a  more intense 
coloring of the ether layer.  This last result agrees with the observations of 
Stoll and Wiedemann (12) and of Smith (14).  Similar treatment with petro- 
leum ether is without effect. 
Stoll and Wiedemann (12) have stated that electrolytes, e.g. NaC1, split the 
complex and  cause  the  color  to  pass  into  the  ether phase  on shaking.  It 
seemed desirable  to  re-examine  this  point  in view  of the  fact  that  several 
authors report the use of NaC1  for extractive purposes.  Suspensions of the 
green material, from bean, were made 0.25 M with respect to any one of the 
following salts:  NH4CNS, KCNS, LiCI, KC1, NaC1,  and KI.  The solutions 
were  then gently shaken with ether;  none of the  chlorophyll, as compared 
with a  control, passed into the ether layer.  The solutions were allowed to 
remain in contact with both ether and salt for 12 hours at 0°C. and re-examined. 
In most cases,  there was a  noticeable precipitation of the  complex.  Other 
than this, none of the chlorophyll had passed into the ether layer during the 
intervening  time. 
Partide Size.--Lubimenko's  (5)  extracts were transparent and the pigment 
could not be removed by centrifugation, although both Mommaerts (11) and 
Smith (14)  state that the chloroplast material could be centrifuged at rather 
moderate rates of speed (3000 to 4000 R.P.M.).  Shafer (13), however, noticed 
that his suspensions, although never clear, were difficult to centrifuge.  In a 
more extensive investigation of this point, Stoll and Wiedemann (12), as well as 
Anson (15), pointed out that their preparations were optically empty in bright 
field, when oil-immersion was used, but, in dark field, Stoll and Wiedemarm 
noticed Brownian motion of particles, which, they suggest, had been formed by 
agglomeration.  We,  too,  have  found  that  the  purified  pigment-protein, 
prepared  as  described  above,  contains particles  or agglomerates sufficiently 
large  for  electrophoretic  examination.  Centrifugation  for  1  hour  at  3000 
R.P.M. produced a preparation that was optically empty in bright field (1100 X 
magnification).  Suspensions  centrifuged  for  2  hours  at  the  same  speed, 
although optically empty in bright field, nevertheless exhibited lively Brownian 
motion at the limits of microscopic visibility in dark field.  It is possible that 
the elementary particle is large, in view of the finding of Loring, Osborn, and 
Wyckoff (18) that its sedimentation constant is extremely large.  In contrast 
to this, Anson (15)  found that the  green  particles  were  almost  completely 
sedimented at 20,000  R.P.M., sedimenting more  rapidly  than  the  molecules 
of tobacco mosaic virus. 
Electrophoresis.--Electrophoretic  data obtained with two different instru- M.  ]~IS~AN  AND  L.  S.  MOYER  759 
ments were in excellent agreement.  The mobility-pH curve of bean is shown 
in Fig. 1.  The various circles represent similar samples prepared at different 
times.  The green microscopic particles, which make up the suspension, are 
isoelectric at pH 4.70 in ~/50 acetate buffer at 25°C.  The particles migrate 
independent of size, shape, or degree of clumping.  Particles at the limits of 
microscopic visibility migrated at the same rate as the larger ones.  In fact, 
the  particles  behaved  as  though  their  surfaces  were  exceedingly uniform. 
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FIG. 1.  The electrophoretic mobility-pH curve of the chlorophyll-protein complex 
from navy bean in 5/50 acetate buffer,  at/z  =  0.02 and 25°C.  Different circles 
represent various preparations.  The smooth curve has been drawn to fit the points. 
The isoelectric point is at pH 4.70. 
FIG. 2.  The effect of 5/25 acetic acid on the electrophoretic mobility of the chloro- 
phyll-protein complex from navy bean  (curve I).  The different circles  represent 
various preparations treated with acid at pH 3.1 and resuspended  in 5/50 acetate 
buffer, at/~  =  0.02 and 25°C.  Curve II is a  smooth (dashed)  curve drawn from 
Fig. 1 for comparison.  The isoelectric point of the acid-treated material is at pH 5.05. 
Under these conditions, the curve tends to flatten out on the negative side at 
about pH 6.5 and on the positive side at pH 3.6. 
At and below the isoelectric point the chromoprotein is readily flocculated, 
which confirms Smith's observation that suspensions flocculated at pH 4.5 or 
below have been altered by the acid.  This raised the questions as to whether 
the  flocculation is  the  result  of denaturation  and  whether  it  is  reversible. 
The complex was  therefore treated with 5/25  acetic acid at pH 3.1  (above 
the limit of pheophytin formation) for about 30 minutes.  The treated material 
was  then resuspended  in  more alkaline buffers and  its mobility determined 
(Fig.  2).  Curve I  shows  the  altered mobility of the acid-treated material; 760  CHLOROPHYLL-PROTEIN  COMPLEX.  I 
the various circles represent different preparations of the chlorophyll-protein 
complex.  The dashed curve (II) is that of the untreated material, drawn for 
comparison.  It  is  evident  that  the  behavior  of  the  material has  been  so 
altered that its isoelectric point now lies at pH 5.05.  The curves are nearly 
parallel on the negative side but converge on the positive side.  This suggests 
that nearly all the experiments on the acid side of the isoelectric point in Fig. 1 
were affected by the acid conditions under which the measurements had been 
made.  Investigations of  the  rate  of  this  denaturation indicated  that  it  is 
virtually complete within 5 to 10 minutes at pH 3.1 and 25°C.  At pH values 
more basic than 3.1, the process is less rapid. 
A  similar experiment was done with Aspidistra.  The mobility-pH curves 
for both the native and acid-treated material at an ionic strength of 0.02 and 
25°C. are presented in Fig. 3.  The closed circles designate the behavior of the 
untreated material and the open circles,  the acid-treated.  Notice the sharp 
discontinuity in the curve in the region of the isoelectric point.  This again 
indicates that acid media can denature the complex and alter its isoelectric 
point.  In fact, it is only by extrapolation that a value for this point can be 
obtained, near pH  3.9.  When the complex was exposed  to acidities below 
pH 4.24, its mobility was rapidly altered and the shifted curve on the acid side 
of  the  isoelectric point  was  found.  If now  the  material  was  treated  with 
M/25 acetic acid at pH 3.1 and resuspended in more basic buffers, results such 
as those represented by the open circles were obtained.  These form a smooth 
curve (dashed) continuous with the untreated material in acid buffers.  The 
isoelectric point was now at pH 4.24.  It is evident from Figs. 1 and 3 that the 
behavior of the complex is different in the two species. 
Menke  (10)  has  reported  the  isolation of a  chloroplast  substance  and  a 
cytoplasmic  substance  by  fractional precipitation  with  ammonium sulfate. 
This suggested to us that the results obtained above might have been con- 
ditioned by the presence of impurities originating from the cytoplasm.  That 
appreciable amounts of dissolved protein,  capable of being adsorbed by the 
chlorophyll-protein aggregates, were not present in the highly purified prepara- 
tions of the complex could be demonstrated by suspending particles of quartz 
or collodion in clear green suspensions of the complex obtained by centrifuga- 
tion at 3000 R.P.M.  It has been repeatedly shown (23) that when inert particles 
are  suspended in protein solutions, they assume an electrophoretic mobility 
that is usually characteristic of the mobility of the dissolved protein molecules. 
Similarly, these added particles assumed an electrophoretic behavior identical, 
within the limits of error, with the aggregates of the complex.  These results 
are shown by the points on Curve I of Fig. 4, which has been drawn from Fig. 1 
for comparison. 
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be readily adsorbed, both by chlorophyll-protein and by inert surfaces.  The 
supernatant,  which  remains  after  the  first  precipitation  of Ph~eolus  with 
ammonium  sulfate,  still  containssome  of  the  chlorophyll-protein complex. 
To remove this residue, the concentration of ammonium sulfate was raised to 
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FIG. 3.  The electrophoretic mobility-pH curve of the chlorophyll-protein complex 
from Aspidistra in ~/50 acetate buffer, at p  =  0.02 and 25°C.  The dosed circles 
represent the behavior of the untreated material, although those in the acid region 
show a definite discontinuity.  The open circles represent the behavior of the complex 
treated with K/25 acetic acid at pH 3.1 and resuspended  in more alkaline  buffers. 
The acid-treated material forms a smooth curve with the positively charged particles 
through an isoelectric point at pH 4.24.  The isoelectric point of the undenatured 
material can only be obtained by extrapolation.  It is at pH 3.9. 
FIG. 4.  A comparison of the electrophoretic mobility-pH curves of quartz (0, A) 
and collodion  (©,  ~)  coated with  the chlorophyll-protein complex and the cyto- 
plasmic protein complex, in M/50 acetate buffer, at p  -- 0.02 and 25°C.  The dashed 
curve is drawn from Fig.  1 for comparison.  The smooth curve (II) has been drawn 
to fit the points.  The isoelectric point of the adsorbed cytoplasmic protein  is at 
pH 4.22. 
half  saturation,  the  pigment-protein  complex was  precipitated,  and  centri- 
fuged.  The  yellow-brown  supernatant  was  then  dialyzed  against  u/100 
phosphate buffer at 0°C.  Quartz and collodion particles were suspended in the 
clear  dialyzed  supernatant  and  their  electrophoretic mobilities  determined. 
The data are plotted as Curve II of Fig. 4.  The isoelectric point of the cyto- 
plasmic protein adsorbed by the particles is at pH 4.22, as compared with pH 
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DISCUSSION 
A  comparison of the data for the monocotyledonous Aspidistra  and the 
dicotyledonous Phaseolus  shows that distinct  differences  exist  between genera. 
Although the  analyses of  Smith  (14)  suggested  to  him  that Spinacia  and 
Aspidistra  were so nearly identical that analyses could be averaged, he does, 
however,  report  a  difference in  their  response  to  precipitating  salts.  Not 
only do Aspidistra  and navy bean differ in their ease of precipitation by am- 
monium sulfate, the former precipitating like a  globulin and the latter like 
an  albumin,  but  their  mobility-pH curves  (diagrammed  in  Figs.  3  and  4) 
are clearly distinct.  At the same conditions of ionic strength and tempera- 
ture, the navy bean has an isoelectric point at pH 4.70 and Aspidistra  (when 
extrapolated) at about pH 3.9.  These differences between the genera indicate 
a very definite specificity in the constitution of the complex, despite the fact 
that the chlorophyll is the same in both.  This difference may be attributed to 
variations in either the lipid or the protein bearer. 
The  effect  of  various  uni-univalent  electrolytes  on  the  stability  of  the 
chlorophyll-protein  complex  seems  to  contradict  the  results  of  Stoll  and 
Wiedemann (12).  They claimed that when a suspension of the green material, 
treated with an electrolyte like NaC1,  was shaken with ether,  the pigment 
readily passed into the ether layer, and concluded that this was due to the 
presence of the salt.  We find, however, that this results only when the suspen- 
sion is vigorously shaken with ether or when the complex is allowed to warm 
up to room temperature; both of these treatments, we have shown, however, 
split the chromoprotein in the absence of salt.  These conclusions agree with 
those of Sharer  (13)  and Anson (15),  who have used dilute salt solutions to 
prepare stable suspensions of the green material. 
The mobility-pH curves of Phaseolus and Aspidistra,  together with their 
isoelectric  points,  fall  within  the  range  characteristic  of  protein  systems. 
The analytical evidence of Mommaerts, Stoll and Wiedemann, and Smith also 
indicates that the complex contains a protein.  This, together with the facts 
that the green material is thrown out of solution by protein precipitants and 
sediments as a large unit in the centrifugal field (18), indicates quite definitely 
that chlorophyll is bound to a protein. 
From Fig. 1 it would appear that the protein from bean remains essentially 
unchanged over the entire range of pH investigated.  Previous reports  (14) 
had indicated, however, that the pigment-protein complex flocculates and is 
irreversibly denatured below the isoelectric point.  Not only did we find this, 
but when the green material, which had been  treated with acid below  the 
isoelectric  point,  was  brought  back  into  more  alkaline  buffers,  its  electro- 
phoretic  mobility no  longer  agreed  with  that  of  the  native,  undenatured 
material but was shifted to more basic values.  In the case of Aspidistra,  the 
differences between the  native and  the  acid denatured material  were  more M. ZISKMAN  AND  L. S. MOYER  763 
marked.  In fact, with the techniques employed here,  it was impossible to 
obtain an isoelectric point for the undenatured material.  In this respect, the 
chlorophyll-protein complex is similar to hog thyroglobulin, which, as shown by 
Heidelberger and Pedersen (24), is also denatured by dilute acids and exhibits a 
shifted mobility curve below its isoelectric point. 
The preparations used in this investigation were apparently homogeneous 
and  the  data  were  rem~arkably  uniform.  Neither  the  aggregates  of  green 
material nor quartz and collodion particles coated with it exhibited any electro- 
phoretic  differences within  the  limits  of  experimental  error.  Even  if  the 
aggregates are not agglomerates of the chlorophyll-protein complex, at least 
they are coated by the same dissolved or dispersed substance that is adsorbed 
by quartz or collodion.  In any case, it is clear that the protein adsorbed from 
the cytoplasmic material by quartz or collodion is quite  different from that 
forming the surface of the green particle  (Fig. 4).  This does not imply that 
only one protein is present in the cytoplasm but, as in the case of other mixed 
systems (25), it seems that one, at least, tends to be selectively adsorbed.  In 
the light of the foregoing evidence, it seems most likely that what we have been 
investigating are  the  surface  properties  of  the  chlorophyll-protein complex 
itself.  The  moving boundary method of electrophoresis  should clarify  the 
situation. 
SU~M.ARY 
1.  Reported effects of different conditions on the stability of the purified 
chlorophyll-protein complex have been confirmed. 
2.  The electrol~horetic behavior of the chlorophyU-protein complex prepared 
from two unrelated species of plants (Aspidistra elatior and Phaseolus ~ulgaris) 
has been investigated and shown to be  dissimilar.  In ~/50  acetate buffer 
at 25°C,  the isoelectric point of the complex from Phaseolus  is at pH 4.70, 
whereas that from Aspidistra  is at pH 3.9 (extrapolated).  These values fall 
within the usual range of protein isoelectric points. 
3.  Treatment with weak acids  causes an irreversible denaturation of the 
protein complex from both species,  with a  resultant shift in the mobility-pH 
curves to more basic values. 
4.  Differences in electrophoretic behavior between the chlorophyll-protein 
complex and the cytoplasmic proteins of Phaseolus have been demonstrated. 
The isoelectric point of the latter is at pH 4.22. 
We wish to express our appreciation to Prof. R. A. Gortner for his help and 
encouragement throughout the course of this work. 
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